Introduction {#sec1}
============

Induced pluripotent stem cells (iPSCs) hold great promise in regenerative medicine because of their ability to self-renew and differentiate into any cell type from the three germ layers. Key to the acceptance of iPSCs as a viable therapeutic option is the requirement to demonstrate that these cells are safe for clinical use. One of the key considerations is the immune response of the recipient to the engrafted cells. Although autologous iPSC derivatives should, theoretically, be readily immune tolerated by the recipient, the prohibitive cost and time required for this approach[@bib1]^,^[@bib2] means that the clinical utility of iPSCs is expected to be based on allogeneic starting materials. This is the case for several current clinical trials.[@bib3]^,^[@bib4] One issue with this approach is the inherent risk of any allogeneic transplant, that of immune rejection of the grafted cells by the recipient. Several reports have suggested that iPSC-derived cells, including iPSC-derived neural stem cells,[@bib5] iPSC-derived dendritic cells (DCs),[@bib6] and iPSC-derived cartilage,[@bib7] exhibit low immunogenicity *in vitro*. Moreover, it has been proposed that iPSCs[@bib8] and iPSC-derived neural stem/progenitor cells are immunosuppressive.[@bib5] On the other hand, studies investigating the immune profile of iPSC-derived cardiomyocytes and smooth muscle cells (SMCs) suggest that they are immunogenic,[@bib9], [@bib10], [@bib11] consistent with their status as immunologically mismatched cells. These contrasting reports regarding the immunogenic potential of iPSC derivatives may be explained by differential immunogenicity between different cell types. Indeed, studies that compared different cell phenotypes, differentiated from the same iPSC line, support this hypothesis of differential immunogenicity.[@bib10], [@bib11], [@bib12] As a result, it will be essential to systematically characterize the immunological phenotype of the specific iPSC-derived cell type prior to clinical application.

IPSC-derived neural crest stem cells (iPSC-NCSCs) have promising application in regenerative medicine. The neural crest is a transient embryonic cell population that arises during vertebrate development and gives rise to a wide range of cell types, including melanocytes, peripheral neurons, smooth muscle, bone, cartilage, and fat cells.[@bib13] Although the application of NCSCs in regenerative medicine has yet to be widely reported, their broad differentiation capacity means they have the potential to be used as a cellular therapy in conditions such as peripheral nerve injuries, corneal blindness, tooth regeneration, pathological melanogenesis, Hirschsprung disease, and cardiac repair and regeneration (reviewed in Zhu et al.[@bib14] and Achilleos and Trainor[@bib15]). However, the potential immunogenicity of iPSC-NCSCs has yet to be explored. Although it is possible to isolate low numbers of NCSCs from adult tissue, they display a more restricted differentiation and self-renewal capacity compared with their embryonic counterparts.[@bib15] Due to the transient embryonic nature and limited availability of adult NCSCs, pluripotent stem cells represent an exciting alternative source for NCSC generation. Indeed, NCSCs have already successfully been differentiated from embryonic stem cells (ESCs)[@bib16] and iPSCs.[@bib13]^,^[@bib17] Moreover, in a rat model of sciatic nerve gaps, transplanted iPSC-NCSCs have been shown to promote axonal myelination, differentiate into Schwann cells, and integrate into the myelin sheath around axons.[@bib18] In another study, using mice with an early defect of the enteric neural crest resulting in an aganglionic phenotype of the gut, NCSCs colonized the aganglionic embryonic gut and differentiated into putative enteric neurons.[@bib16] There is also evidence that iPSC-NCSCs can stimulate endogenous regeneration of tendon tissue in a rat tendon window defect model.[@bib19] If the potential of NCSCs in regenerative medicine is to be realized in the future, a characterization of the immune profile of these cells will be an important determinant of their clinical safety. Here, we show that iPSC-NCSCs exhibit negligible immunogenicity on a molecular and functional level, suggesting their potential utility in clinical application.

Results {#sec2}
=======

Directed Differentiation of iPSCs Yields HNK-1^+^p75^high^ NCSCs {#sec2.1}
----------------------------------------------------------------

We generated NCSCs from two different iPSC lines (NIBSC8 and NIBSC35) in order to assess their immunogenic potential *in vitro*. NCSC differentiation from iPSCs was achieved following a previously published method.[@bib17] Over this 7-day differentiation protocol (outlined in [Figure 1](#fig1){ref-type="fig"}A), the cells changed morphologically from colony-forming pluripotent iPSCs to stellate-like putative NCSCs ([Figure 1](#fig1){ref-type="fig"}B). Expression of the surface markers HNK-1 and p75 (herein termed HNK-1^+^p75^high^) is used to identify putative NCSCs in accordance with previously published reports.[@bib17]^,^[@bib20] Somatic NCSCs are not easily accessible due to their transient embryonic nature, and so we validated the differentiation protocol by comparing the yield of HNK-1^+^p75^high^-expressing cells from iPSCs to putative NCSCs derived from H9 ESCs. H9 ESCs have been shown to be a viable starting population for NCSC differentiation.[@bib16]^,^[@bib17] Here, H9 ESCs and NIBSC8 and NIBSC35 iPSCs gave rise to comparable levels (% of total cell population) of HNK-1^+^p75^high^ NCSCs (H9: 55.6%; NIBSC8: 52.8%; NIBSC35: 57.1%) after directed differentiation toward a neural crest fate ([Figure 1](#fig1){ref-type="fig"}D). In addition, characterization of gene expression levels of key NCSC markers, including *AP2*, *SOX9*, *p75*, and *PAX3*, showed upregulation of these markers in iPSC-NCSCs compared with their pluripotent counterpart. Moreover, neural crest differentiation was accompanied by a downregulation of pluripotency genes relative to the undifferentiated control ([Figure 1](#fig1){ref-type="fig"}C). Beyond the molecular phenotype, functional analysis of iPSC-NCSCs was performed by assessing their differentiation capacity. Both iPSC-NCSC populations gave rise to peripheral neurons and mesenchymal stromal cells (MSCs) after directed differentiation and/or spontaneous differentiation ([Figures S1](#mmc1){ref-type="supplementary-material"} and [S2](#mmc1){ref-type="supplementary-material"}), suggesting the generation of cells with a functional neural crest phenotype.Figure 1Characterization of iPSC-Derived NCSCs(A) Schematic outline of directed differentiation toward neural crest lineage. Reproduced from Hackland et al.[@bib17] (B) Representative bright-field images of NIBSC8 iPSCs at days 0 (pluripotent), 3, and 7 of NCSC differentiation. (C) qPCR data from day 7 differentiated iPSC-NCSCs for expression of key NCSC and pluripotency genes. The fold change in expression relative to the day 0 pluripotent control is shown (relative quantification \[RQ\]). n = 3 biological replicates per line; error bars represent ± SEM. (D) The NCSC markers HNK-1 and p75 were detected by flow cytometry for undifferentiated pluripotent H9 ESCs, NIBSC8 and NIBSC35 iPSCs, and NCSCs (after 7 days of differentiation) and compared with an isotype control (negative control).

IPSC-NCSCs Lack Basal Expression of HLA and Costimulatory Molecules {#sec2.2}
-------------------------------------------------------------------

To characterize the immune profile of iPSC-NCSCs, we analyzed the expression of human leukocyte antigen (HLA) and co-stimulatory molecules. Because interferon (IFN)-γ and/or tumor necrosis factor (TNF)-α are known to induce expression of immune-related antigens, the expression of HLA class I and class II molecules, CD40, CD80, and CD86, was assessed without cytokine treatment (untreated) and after exposure to IFN-γ and/or TNF-α treatment ([Figure 2](#fig2){ref-type="fig"}A). For the purposes of comparison, the expression levels of immune-related antigens in iPSC-NCSCs (NIBSC8 and NIBSC35) were compared with the expression in a range of other cell types, including DCs, undifferentiated iPSCs (NIBSC8), and iPSC-derived SMCs ([Figure 2](#fig2){ref-type="fig"}B). DCs constitutively express both HLA and costimulatory molecules and were included here as a positive control. SMCs derived from iPSCs have previously been shown to be immunogenic[@bib10]^,^[@bib21] and genetic modification, resulting in lack of MHC class I and class II expression that contributes to hypoimmunogenicity of these cells.[@bib21] Pluripotent stem cells, including iPSCs and ESCs, have been shown to express low levels of MHC class I molecules, but not to express MHC class II.[@bib6]^,^[@bib22] DCs were derived from monocytes ([Figure S3](#mmc1){ref-type="supplementary-material"}), and SMCs were differentiated from NIBSC8, the same iPSC line that served as a starting population for NCSC generation ([Figure S4](#mmc1){ref-type="supplementary-material"}).Figure 2IPSC-NCSCs Express Low Levels of HLA Class I, HLA Class II, and Costimulatory Molecules(A) Representative histograms of % of cells positive for HLA class I and class II and costimulatory molecules, including CD40, CD80, and CD86. Percentages are of total NIBSC8-NCSCs as untreated, after IFN-γ alone, TNF-α, or combined IFN-γ + TNF-α treatment (black line versus gray graph of isotype control). (B) Graphs of % of cells positive for HLA class I and class II and costimulatory molecules in NIBSC8 iPSCs, NIBSC8-NCSCs, NIBSC35-NCSCs, and NIBSC8-SMCs. Error bars represent ± SEM (n = 3 biological replicates per cell line and condition). Ordinary one-way ANOVA with Bonferroni post-test was performed. Asterisks denote statistical significance: \*p ≤ 0.05, \*\*p ≤ 0.01, and \*\*\*p ≤ 0.001. Only relevant statistics are shown in the graphs.

At basal level (untreated) and after TNF-α treatment, iPSC-NCSCs showed low expression of HLA class I, with the percentage between 2%--13% (untreated) and 12%--28% (after TNF-α) of HLA class I-positive cells similar to that of undifferentiated iPSCs. This is significantly lower than the percentage of HLA class I-positive cells in iPSC-SMCs (72.47% ± 2.36%). As expected, IFN-γ induces expression of HLA class I in undifferentiated iPSCs (54.43% ± 2.39%) in line with previous reports[@bib6]^,^[@bib22] and also in both iPSC-NCSC cell populations (99.23% ± 0.20% and 98.93% ± 0.12%) and iPSC-SMCs (99.87% ± 0.03%). Compared with basal expression in DCs, low levels of HLA class II-, CD80-, and CD86-positive cells were seen in undifferentiated iPSCs and all derivatives both basally and after individual cytokine treatment. Although the percentage of cells expressing CD80 and CD86 was increased in both iPSC-NCSC lines after dual IFN-γ + TNF-α treatment to a statistically significant level in comparison with undifferentiated iPSCs and iPSC-SMCs, this was still markedly lower than the percentage of CD80- and CD86-positive cells seen in DCs. CD40 expression was also low in untreated iPSC-NCSCs and after IFN-γ treatment, whereas the percentage of CD40-positive cells in iPSC-SMCs was significantly increased after IFN-γ treatment (40.73% ± 1.51% in iPSC-SMCs versus 5.25% ± 0.26% in NIBSC8-NCSCs; p \< 0.0001). Combined exposure to IFN-γ + TNF-α induced an increase in the percentage of cells expressing CD40 in iPSC-NCSCs above basal level, but this remained significantly lower than that observed in iPSC-SMCs.

Taken together, these data reveal low levels of immune-related antigen expression in all iPSC-NCSCs under basal conditions. This would suggest that, in a non-inflammatory environment, iPSC-NCSCs exhibit low immunogenicity, with low antigen-presenting function. To further investigate the immune profile of iPSC-NCSCs, we next assessed their immunogenicity on a functional level.

IPSC-NCSCs Fail to Stimulate Lymphocytes {#sec2.3}
----------------------------------------

A one-way mixed lymphocyte reaction (MLR) was used to assess T cell proliferation in response to iPSC-NCSCs and iPSC-SMCs. Levels of proliferation after co-culture were determined by quantifying Ki-67^+^ cells ([Figure 3](#fig3){ref-type="fig"}A) and numerically expressed as stimulation index (SI), representing proliferative cells relative to an autologous control. A response was considered positive when the SI was ≥2.[@bib23]^,^[@bib24] Immunogenicity of iPSC derivatives was determined with mismatched peripheral blood mononuclear cells (PBMCs) in the MLRs (HLA typing data are provided in [Table S1](#mmc1){ref-type="supplementary-material"}).Figure 3IPSC-NCSCs Fail to Stimulate Lymphocytes(A) Representative histograms show levels of CD3^+^CD8^+^ T cell proliferation of responder cells after 5-day co-culture with autologous (auto), allogeneic (allo) PBMCs, NIBSC8-NCSCs, NIBSC35-NCSCs, or NIBSC8-SMCs as stimulator cells. (B) Graphs show stimulation index (SI) of total T cell (CD3^+^) and CD3^+^CD8^+^ T cell proliferation in the responder cell population in response to different stimulator cells. SI is calculated as the number of Ki67^+^ cells of each one-way MLR over the number of Ki67^+^ cells in an autologous control. Numbers are expressed relative to the control group: autologous (auto) PBMCs. A response was considered positive when the SI was ≥2. Error bars represent ± SEM (n = 11 biological replicates from three separate experiments). Ordinary one-way ANOVA with Bonferroni post-test was performed. Asterisks denote statistical significance: \*p ≤ 0.05, \*\*p ≤ 0.01, \*\*\*p ≤ 0.001. (C) Supernatants of 5-day co-cultures were assayed for IFN-γ, IL-1β, IL-2, IL-6, IL-10, IL12-p70, and TNF-α using multiplex immunoassays. Error bars represent ± SEM (n = 10 biological replicates from three separate experiments). Ordinary one-way ANOVA with Bonferroni post-test was performed. Asterisks denote statistical significance: \*p ≤ 0.05, \*\*p ≤ 0.01, and \*\*\*p ≤ 0.001. Only statistically significant comparisons are shown in the graphs.

Both iPSC-NCSC lines triggered negligible levels of total CD3^+^ T cell proliferation (SI was 0.88 ± 0.05 for NIBSC8-NCSCs and 1.163 ± 0.07 for NIBSC35-NCSCs). In contrast, both iPSC-derived SMCs and the allogeneic control (allo-PBMC) significantly stimulated total CD3^+^ T cell proliferation (2.57 ± 0.50 and 2.16 ± 0.29, respectively). A more striking difference in proliferation response was observed when analyzing CD3^+^CD8^+^ T cell proliferation (CD3^+^CD4^+^ T cells showed a very similar pattern of proliferation to total CD3^+^ T cell and therefore data are not shown). IPSC-NCSCs did not induce CD3^+^CD8^+^ T cell proliferation above baseline levels (SI was 0.92 ± 0.09 for NIBSC8-NCSCs and 1.09 ± 0.07 for NIBSC35-NCSCs), and this was in stark contrast with iPSC-SMCs, which stimulated significant proliferation of CD3^+^CD8^+^ T cells (9.723 ± 3.43).

Next, we assessed the production of pro-inflammatory cytokines as an additional measure of the stimulation of an immune response. To determine whether the inability of iPSC-NCSCs to stimulate T cell proliferation correlates with the secreted cytokine milieu, we assessed concentrations of IFN-γ, interleukin-1β (IL-1β), IL-2, IL-6, IL-10, IL-12-p70, and TNF-α from the MLRs using multiplex immunoassays. Cytokine production stimulated by autologous (auto) PBMCs is defined as the baseline level.

Corresponding with increases in T cell proliferation, iPSC-derived SMCs and allogeneic PBMCs induced proinflammatory cytokine production, whereas iPSC-NCSCs did not. Notably, the induction of cytokines characteristic of a pro-inflammatory "type 1" T cell response was significantly elevated in response to allo-PBMCs (16-fold higher than auto-PBMCs) and to a lesser extent by iPSC-SMCs (5-fold higher than auto-PBMCs). Conversely, iPSC-NCSCs did not induce IFN-γ levels higher than basal level (p \> 0.9999). Similarly, TNF-α production was induced by allo-PBMCs (2.5-fold higher than baseline, p \< 0.0001), but not by iPSC-NCSCs. In addition, the levels of IL-1β, IL-2, IL-6, and IL-12p70 were also not upregulated in response to iPSC-NCSCs, but were significantly increased in co-cultures with iPSC-SMCs (IL-1β: 58-fold, p \< 0.0001; IL-2: 3-fold, p \< 0.0001; IL-6: 66-fold, p \< 0.0001). Interestingly, IL-10 release was also not induced by iPSC-NCSCs. The production of IL-10 has previously been associated with an immunosuppressive phenotype of iPSCs.[@bib22]

Low Immunogenicity of iPSC-NCSCs Is Not a Result of Immunosuppression {#sec2.4}
---------------------------------------------------------------------

To further investigate whether the lack of immunogenicity of iPSC-NCSCs may be explained by an immunosuppressive phenotype, we assessed whether iPSC-NCSCs can suppress the proliferation of highly activated T cells. To test this, we co-cultured iPSC-NCSCs with anti-CD3/anti-CD28-stimulated PBMCs and measured the reduction in T cell proliferation. This reduction was represented by carboxyfluorescein succinimidyl ester (CFSE)^low^ cells (see [Figure 4](#fig4){ref-type="fig"}B) and was expressed relative to stimulated PBMCs only. Bone marrow-derived mesenchymal stromal cells (BM-MSCs) are known to be immunosuppressive,[@bib25], [@bib26], [@bib27] with some evidence suggesting the same is true for MSCs derived from iPSCs.[@bib28]^,^[@bib29] In line with this, we used BM-MSCs as a positive control and generated MSCs from the same iPSC line that was used for NCSC differentiation (NIBSC8). Co-cultures were maintained without a transwell system (w/o tw) and within a transwell system (tw), which allowed the assessment of whether any immunosuppression was mediated by the exchange of soluble factors only (see [Figure 4](#fig4){ref-type="fig"}A).Figure 4IPSC-NCSCs Are Not Immunosuppressive(A) Schematic outline of transwell assay format. (B) Representative flow cytometry histograms show T cell proliferation, detected by quantifying levels of CFSE by flow cytometry. Anti-CD3/anti-CD28-stimulated PBMCs were co-cultured with BM-MSCs, NIBSC8-MSCs, and NIBSC8-NCSCs, and reduction of T cell proliferation was measured by quantifying CFSE^low^ cells (shown in pink) in total CD3^+^ T cells and CD3^+^CD8^+^ T cells. (C) Graphs show relative total CD3^+^ T cell and CD3^+^CD8^+^ T cell proliferation in a transwell assay format (tw) and without transwell inserts (w/o tw). Bars represent proliferation in PBMCs only, in stimulated (stim) PBMCs only, and in stim PBMCs in response to co-culture with BM-MSCs, NIBSC8-MSCs, and NIBSC8-NCSCs relative to stim PBMCs. Error bars represent ± SEM (w/o tw: n = 9 biological replicates in three separate experiments; with tw: n = 3 biological replicates in a single experiment). Ordinary one-way ANOVA with Bonferroni post-test was performed. Asterisks denote statistical significance in comparison with stim PBMCs: \*p ≤ 0.05, \*\*p ≤ 0.01, and \*\*\*p ≤ 0.001.

As expected, BM-MSCs significantly suppressed total CD3^+^ T cell proliferation (0.31 ± 0.03, p \< 0.0001) and CD3^+^CD8^+^ T cell proliferation (0.52 ± 0.08, p = 0.0008) in both assay formats (see [Figure 4](#fig4){ref-type="fig"}C). Similarly, iPSC-MSCs reduced total CD3^+^ T cell proliferation (0.61 ± 0.04, p \< 0.0022 tw; 0.51 ± 0.05, p \< 0.0001 w/o tw) and CD3^+^CD8^+^ T cell proliferation (0.56 ± 0.03, p \< 0.0001 tw; 0.72 ± 0.11, p = 0.1366 w/o tw). In contrast, iPSC-NCSCs did not cause a reduction in proliferation of total CD3^+^ T cells (0.90 ± 0.08, p \> 0.999 w/o tw; 0.85 ± 0.09, p = 0.6447 with tw) or in CD3^+^CD8^+^ T cell proliferation (0.92 ± 0.10, p \> 0.999 w/o tw; 0.98 ± 0.06, p \> 0.999 with tw), suggesting that NCSCs do not exhibit a suppressive phenotype and that the low immunogenicity of iPSC-NCSCs is not a result of immunosuppression.

Discussion {#sec3}
==========

NCSCs hold great potential in regenerative medicine;[@bib14]^,^[@bib15] however, due to their restricted availability, studies exploring that potential have remained few, and their application in regenerative medicine has so far been evaluated only in animal models.[@bib16]^,^[@bib18]^,^[@bib19] In this study, we have evaluated the likely immunogenicity of NCSCs. We have differentiated NCSCs from two different iPSC lines, NIBSC8 and NIBSC35. The iPSC lines were generated using different initial cell types and using different reprogramming strategies, accounting for potential differences in immunogenicity that could have been caused by an epigenetic signature inherited from the somatic cell type or off-target effects caused by the reprogramming process. Both iPSC lines were differentiated into HNK-1^+^p75^high^ NCSCs, which were accompanied by upregulation of NCSC marker expression, including *AP2*, *SOX9*, *p75*, and *PAX3*. Although presence of the above markers has been associated with NCSC identity, the determination of specific NCSC markers has proved challenging because NCSCs are a somewhat transient and heterogeneous cell population.[@bib30] In line with this, our data also suggest that the differentiated NCSCs are composed of cell populations exhibiting some heterogeneity. This becomes apparent when considering the percentage of HNK-1^+^p75^high^ NCSCs after directed differentiation, which represent a distinct population of 50%--60% of total cells.

To characterize the immune profile of iPSC-NCSCs, we evaluated the expression of HLA class I and II as the main mediators of immunogenicity. We showed that basal expression of HLA class I and II is low, and iPSC-NCSCs also express low levels of co-stimulatory molecules. This molecular phenotype therefore suggests that iPSC-NCSCs exhibit low immunogenicity and antigen-presenting function in a non-inflammatory environment. To investigate further whether iPSC-NCSCs can activate T cells on a functional level, we used a one-way MLR to measure T cell proliferation. Correlating with their non-immunogenic molecular phenotype, iPSC-NCSCs from both iPSC lines failed to activate T cells above basal level, whereas an alternative cell type (SMCs) derived from the same iPSC line caused a significant elevation in T cell proliferation, further supporting the theory that the immunogenicity of iPSC derivatives depends on the differentiated cell type.

To further investigate the negligible immunogenicity of iPSCs-NCSCs, we assessed cytokine release in co-cultures with PBMCs. The significance of different cytokines in allograft tolerance/rejection is widely known. For instance, the presence of T cells secreting "type 1" cytokines, such as IFN-γ and TNF-α, tends toward a hostile environment for graft survival.[@bib31] Moreover, IL-6 deficiency results in a decrease of peripheral memory T cells and prolonged allograft survival in a transplant model.[@bib32] IL-12 within inflammatory tissue sites has been associated with provoking infiltrating memory CD8^+^ T cells to proliferate and express effector function, including IFN-γ and TNF-α production, as well as perforin/granzyme B-mediated cytolysis.[@bib33] Here we showed that iPSC-derived NCSCs did not induce IFN-γ and TNF-α production, characteristic for a "type 1" proinflammatory T cell response. Other proinflammatory cytokines, including IL-1β, IL-6, and IL-12p70, were induced by iPSC-SMCs, but not by iPSC-NCSCs. This suggests that iPSC-NCSCs not only fail to stimulate T cell proliferation, but more specifically, do not induce T cells to produce proinflammatory cytokines that are known to contribute to graft rejection. The immune response to iPSC-SMCs is not discussed in depth here, although it should be noted that the relatively modest levels of expression of co-stimulatory molecules by iPSC-SMCs are inconsistent with the highly immunogenic phenotype seen in functional assays. However, this may be partially explained by the expression of tumor-related antigens and/or *de novo* mutations in mitochondrial DNA, which has previously been suggested for this cell type.[@bib10]^,^[@bib34]

Data from multiplex immunoassays also revealed that iPSC-NCSCs did not induce IL-10 expression from PBMCs, which has been associated with low immunogenicity of iPSCs.[@bib22] Although the inability to induce IL-10 production suggests that iPSC-NCSCs are not immunosuppressive, we further investigated whether iPSC-NCSCs exert immunosuppressive features when exposed to highly stimulated lymphocytes. Here, we showed that iPSC-NCSCs do not suppress proliferation of total CD3^+^ T cells or CD3^+^CD8^+^ T cells, whereas MSCs differentiated from the same iPSC line elicited a significant reduction in T cell proliferation to similar levels as immunosuppressive BM-MSCs. This supports our finding of negligible immunogenicity of iPSC-NCSCs, which can indeed be attributed to their immune profile, rather than an immunosuppressive phenotype.

Although this first report on the immune profile of iPSC-derived NCSCs provides a robust body of evidence for their low immunogenicity, it should be noted that it cannot be excluded that this may be a result of the relative embryonic phenotype of iPSC-NCSCs. Moreover, it is expected that the therapeutic benefit of these cells is likely to be dependent on the *in vivo* differentiation capacity of iPSC-NCSCs. As has been suggested by two studies, ESC-derived NCSCs and iPSC-NCSCs further differentiated into peripheral neurons[@bib16] and Schwann cells,[@bib18] respectively, after transplantation. At the same time, this also highlights the importance of characterizing the immune profile of these progenitors, because in this instance, it is not the terminally differentiated cells but rather the NCSCs that represent the transplanted graft. The fact that further differentiation in the host is expected with this cell type reinforces that subsequent *in vivo* studies will be essential to validate our findings of low immunogenicity of iPSC-NCSCs. In addition, the lack of basal HLA class I molecule expression in iPSC-NCSCs may render them a target of natural killer (NK) cells, according to the "missing-self" hypothesis.[@bib35] Although the lack of proinflammatory cytokine production may give some indication for a low responsiveness of NK cells toward iPSC-NCSCs (whole PBMCs served as responder cells), due to the low percentage of NK cells in PBMCs, this would need to be validated in an assay using isolated NK cells only as responder cells.

In conclusion, this study has demonstrated that iPSC-NCSCs are non-immunogenic *in vitro*. These results are encouraging for the potential future use of iPSC-NCSCs as a cellular therapy, perhaps in a strategy where they are subject to further "maturation" toward a more differentiated phenotype in the *in vivo* environment, because it suggests that these cells might be "immune-privileged" and not subject to allograft rejection by the recipient.

Materials and Methods {#sec4}
=====================

Cell Culture {#sec4.1}
------------

Human cell lines were handled in accordance with the Human Tissue Act (2004) with approval from The Human Materials Advisory Committee (HuMAC) at the National Institute for Biological Standard and Control. The NIBSC8 iPSC line was generously donated by the UK Stem Cell Bank (NIBSC8 was generated by mRNA-based reprogramming of human fibroblasts). NIBSC35 was generated from human PBMCs using the CytoTune−iPS 2.0 Sendai Reprogramming Kit (A16518; Thermo Fisher), according to the manufacturer's instructions with some modifications from a previously published protocol.[@bib36] Characterization results are supplied as [Supplemental Information](#appsec2){ref-type="sec"} ([Figure S5](#mmc1){ref-type="supplementary-material"}). IPSCs were maintained in an undifferentiated pluripotent state in Essential 8 Flex (Life Technologies) media on Vitronectin (GIBCO)-coated plates. Media were changed every other day, and iPSCs were passaged every 4--5 days using Versene Solution (GIBCO). To test the potential to differentiate into all three germ layers, an embryoid body (EB) formation assay was performed with subsequent spontaneous differentiation for 14 days. AggreWell400 microwell plates (STEMCELL Technologies) were used to form EBs from single-cell suspension of pluripotent iPSCs at a concentration of 1.2 × 10^6^ cells/well and according to the manufacturer's instructions ([Figure S4](#mmc1){ref-type="supplementary-material"}). NCSCs were differentiated from iPSCs as described previously.[@bib17] In brief, iPSCs were dissociated and plated as single-cell suspensions onto Vitronectin-coated six-well plates in Essential 6 Medium (Life Technologies) supplemented with 10 μM γ-27632 (Sigma-Aldrich) at a density of 10,000 cells/cm^2^. Twenty-four hours after seeding, the medium was changed to NCSC media, consisting of Essential 6 Medium, N2 supplement (Thermo Fisher), 1 μM CHIR99021 (Sigma-Aldrich), 2 μM SB431542 (Sigma-Aldrich), 15 ng/mL recombinant Bone Morphogenetic Protein 4 (BMP4; R&D Systems), and 1 μM DMH-1 (R&D Systems). Differentiation to NCSCs was completed after 7 days. To achieve a higher yield of HNK1^+^p75^high^ cells for NIBSC35, NCSC differentiation was followed by NCSC rosette isolation using STEMdiff Neural Rosette Selection Reagent (STEMCELL Technologies), according to the manufacturer's instructions. SMCs were differentiated from iPSCs as described previously,[@bib37] and MSCs were generated from iPSCs as described in previously published protocols.[@bib13] Peripheral nerve differentiation was performed as described previously for NIBSC8[@bib13] and with slight modifications (substitution with NCSC media as described above; reduced incubation time) for NIBSC35. For DC generation, CD14^+^ monocytes were isolated from PBMCs by negative selection using the EasySep Human Monocyte Enrichment Kit (STEMCELL Technologies) according to the manufacturer's instructions, followed by 7-day culture in RPMI 1640 supplemented with 10% fetal calf serum (FCS), 2 mM glutamine, 2 mM L-glutamine, 50 U/mL penicillin/streptomycin, 20 ng/mL granulocyte-macrophage colony-stimulating factor (GM-CSF), and 20 ng/mL IL-4. BM-MSCs were derived from bone marrow aspirates (AllCells, Alameda, CA, USA) in-house as previously described.[@bib38] Vessel-derived SMCs were kindly provided by George Tellides (Yale University, School of Medicine) and were maintained in Medium 199 (Sigma-Aldrich), 20% heat-inactivated FCS, 2 mM L-glutamine, 100 U/mL penicillin, and 100 μg/mL streptomycin. To induce immune-related antigen expression on iPSCs and derivatives, we treated cells with 25 ng/mL IFN-γ (R&D Systems) and/or 10 ng/mL TNF-α (R&D Systems) in indicated medium for 48 h and then analyzed for immune-related antigen expression.

Flow Cytometry {#sec4.2}
--------------

IPSCs, iPSC derivatives, and somatic cells were dissociated using ACCUTASE (for adherent cell cultures). Cells were incubated with the indicated conjugated antibody diluted to the appropriate concentration ([Table S2](#mmc1){ref-type="supplementary-material"}) and incubated on ice for 30 min in the dark. Subsequently, cells were fixed with 4% paraformaldehyde (PFA) in PBS and either subjected to intracellular staining first using BD Cytofix/Cytoperm (catalog no. 554714; BD Biosciences) or immediately subjected to flow cytometric analysis using BD FACS Canto II (BD Biosciences). Data was analyzed using FlowJo 7.6.5.

qPCR Analysis {#sec4.3}
-------------

Total RNA was isolated from cell lysates using the RNeasy Mini Kit (QIAGEN) according to the manufacturer's instructions. First-Strand cDNA synthesis from RNA was performed using the M-MLV Reverse Transcriptase system (Promega), and the cDNA product was subject to qPCR using 2× qPCRBIO SyGreen Blue Mix Lo-ROX (PCRBiosystem) and pre-designed primers (purchased from Integrated DNA Technologies \[IDT\], details in [Table S3](#mmc1){ref-type="supplementary-material"}). The qPCRs were performed on a Rotor-Gene Q thermocycler, and data were analyzed using the Rotor-Gene Q System (QIAGEN), software version: 2.1.0. Target gene expression was normalized to *GAPDH* expression and is referred to as normalized expression.

One-Way MLR {#sec4.4}
-----------

To assess and compare the immunogenic potential of iPSC-derived cells, we used a one-way MLR assay. PBMCs were used as responder cells, and autologous PBMCs, allogeneic PBMCs, iPSC-NCSCs, or iPSC-SMCs served as stimulators, respectively. Co-cultures were maintained in complete RPMI media (RPMI 1640 supplemented with 10% FCS, 2 mM L-glutamine, 50 U/mL penicillin/streptomycin). A total of 3 × 10^5^ responder cells were co-cultured with 1.5 × 10^5^ UV irradiated stimulator cells and maintained in 200 μL of complete RPMI media in 96-well plates at 37°C in 5% CO~2~ for 5 days. To specifically assess T cell proliferation of responders, we labeled cells with fixable viability dye (FVD), T cell markers, and anti-Ki-67 ([Table S2](#mmc1){ref-type="supplementary-material"}). The expression of the human Ki-67 protein is strictly associated with cell proliferation,[@bib39] and thus Ki-67^+^ cells denote proliferating cells. Levels of proliferation were numerically expressed as SI, calculated as the number of Ki67^+^ cells of each one-way MLR over the number of Ki67^+^ cells in an autologous control. A response was considered positive when the SI was ≥2.[@bib23]^,^[@bib24]

Mesoscale Multiplex Cytokine Immunoassay {#sec4.5}
----------------------------------------

Cytokine concentrations from 5-day co-cultures were quantified using V-PLEX human cytokine 10-plex kit (Mesoscale) detecting IFN-γ, IL-1β, IL-2, IL-6, IL-10, IL-12p70, and TNF-α analytes. Supernatants were processed according to the manufacturer's protocol, and the electrochemiluminescent signal was detected by MESO QuickPlex SQ 120. Analysis of results was carried out using the MSD DISCOVERY WORKBENCH analysis software, including calculations to establish calibration curves and determining concentrations.

Immunosuppression Assay {#sec4.6}
-----------------------

To investigate whether iPSC-derived cells have an immunosuppressive effect *in vitro*, we used an immunosuppression assay. Putative immunosuppressive cells (BM-MSCs, iPSC-MSCs, and iPSC-NCSCs) were plated at a density of 5 × 10^4^ cells/well onto a 24-well plate and maintained in appropriate media overnight. The following day, responder cells (PBMCs) were stained with CellTrace CSFE (Invitrogen) to measure proliferation and added to putative immunosuppressive cells at a concentration of 1 × 10^6^ cells/well. PBMCs were stimulated with anti-CD3/anti-CD28 Dynabeads (Invitrogen) at a dilution of 1:1,000. In addition, an immunosuppression assay using a tw with a permeable membrane was also performed. This assay system facilitates molecule exchange but not cell-to-cell contact, enabling measurement of immunosuppression mediated via soluble factors only. Putative immunosuppressive cells were maintained in the lower compartment of Corning Transwell polyester membrane cell culture inserts (Sigma-Aldrich) in 24-well plates, with PBMCs in the upper compartment (within the insert). The co-culture was maintained in complete RPMI at 37°C in 5% CO~2~ for 4 days before analysis by flow cytometry. T cell proliferation was analyzed as per MLR above (see [Table S2](#mmc1){ref-type="supplementary-material"}). Levels of T cell proliferation in co-cultures were expressed relative to the PBMC positive control (stimulated with Dynabeads).

Immunocytochemistry {#sec4.7}
-------------------

Immunocytochemistry (ICC) was performed on fixed (4% PFA) cells. The primary antibody was diluted to the appropriate concentration (see [Table S4](#mmc1){ref-type="supplementary-material"}) in PBST buffer (0.1% Triton X-100 \[Sigma-Aldrich\] in PBS) and incubated overnight at 4°C in the dark. Cells were washed in PBST and then incubated with the respective secondary antibody ([Table S4](#mmc1){ref-type="supplementary-material"}) in PBST at room temperature for 1 h in the dark. Cells were washed in PBST to remove excess antibody and then stained with Hoechst 33342 nuclear stain (Invitrogen) at a concentration of 5 μg/mL in PBS for 1 min at room temperature. Fixed and stained cells were imaged with a White Light Laser Confocal Microscope Leica SP8 X confocal laser scanning microscope (CLSM) (Leica Microsystems). The imaging software Fiji: An Open-Source Platform for Biological-Image Analysis (Version 1.51) was used for image analysis.

Statistical Analysis {#sec4.8}
--------------------

Values were expressed as mean ± SEM (standard error of the mean). The significance of differences among multiple groups was determined with a one-way analysis of variance (ANOVA) followed by a Bonferroni post-test (GraphPad Prism version 8.2.1). Differences were considered significant where p \< 0.05. Significance levels are defined as follows: \*p ≤ 0.05, \*\*p ≤ 0.01, and \*\*\*p ≤ 0.001.
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